Postsynaptic alterations are currently believed to be able to fully account for NMDA-receptor-dependent long-term depression (LTD) and long-term potentiation of synaptic strength, although there is also evidence supporting changes in presynaptic release. Using dualphoton laser scan microscopy of N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium dibromide (FM1-43) to directly visualize presynaptic vesicular release at Schaffer collateral-CA1 excitatory synapses in hippocampal slices, we demonstrate reduced vesicular release associated with LTD. Selective loading, by hypertonic shock, of the readily releasable vesicle pool (RRP) showed that LTD of release is a selective modification of release from the RRP. Presynaptic LTD of RRP release required activation of NMDA receptors, production and extracellular diffusion of the intercellular messenger NO, and activation of cGMP-dependent protein kinase.
Introduction
Activity-dependent, long-term changes in synaptic strength, such as long-term potentiation (LTP) and long-term depression (LTD), are believed to be important for information storage, neural network development, fine-tuning of synaptic connections, learning, and memory (Bailey et al., 1996; Katz and Shatz, 1996; Martin et al., 2000; Braunewell and Manahan-Vaughan, 2001) . Despite extensive studies of the mechanisms underlying both LTP and, more recently, LTD, the basic question of whether these forms of synaptic plasticity result from presynaptic and/or postsynaptic changes remains hotly debated Malinow et al., 2000; Pavlidis et al., 2000) . Many lines of evidence support an array of postsynaptic alterations associated with both LTP and LTD, including changes in AMPAreceptor-gated channel conductances (Benke et al., 1998; Lee et al., 1998) , insertion and removal of AMPA receptors (Carroll et al., 1999; Shi et al., 1999) , and changes in dendritic spine shape (Engert and Bonhoeffer, 1999; Toni et al., 1999) . Evidence for presynaptic alterations has been derived largely from quantal analysis studies of pairs of monosynaptically connected neurons (Bekkers and Stevens, 1990; Malinow and Tsien, 1990; Bolshakov and Siegelbaum, 1994) , vesicular antibody uptake (Malgaroli et al., 1995) , and postsynaptic drug-infusion studies (Reyes and Stanton, 1996; Yeckel et al., 1999; Mellor and Nicoll, 2001 ). The indirect nature of such evidence, failure to fulfill critical assumptions of quantal analysis, and conflicting data have resulted in continued disagreement.
The styryl fluorescent dye N-(3-triethylammoniumpropyl)-4-(4-(dibutylamino)styryl) pyridinium dibromide (FM1-43) has been successfully used in isolated neuronal systems to directly visualize presynaptic vesicular release (Betz and Bewick, 1992; Ryan et al., 1993) . FM1-43 is taken up into presynaptic vesicles in an activity-dependent manner as a result of endocytosis after transmitter release. Subsequent synaptic stimulation evokes the release of dye, which is visualized as a destaining whose rate is a direct measure of presynaptic release efficacy. Previous studies have documented changes in presynaptic function associated with forms of LTP at synapses between cultured hippocampal neurons based on activity-dependent labeling with antibodies (Malgaroli et al., 1995) or FM1-43 (Ryan et al., 1996; Ma et al., 1999) . However, direct evidence for presynaptic changes during LTD at synapses that formed in vivo has been lacking. Recent advances in imaging technology make it possible to monitor vesicle kinetics in acute brain slices directly (Pyle et al., 1999; Stanton et al., 2001; Zakharenko et al., 2001 Zakharenko et al., , 2002 .
Materials and Methods
Slice preparation and electrophysiology. Wistar rats, 15-22 d of age, were decapitated under deep ether anesthesia, the hippocampi were dissected free, and 300 m thick transverse slices were cut on a vibratome. Slices were placed in an interface holding chamber at 25°C for at least 1 hr before being transferred to a submerged chamber on the microscope stage, also at 25°C. Slices were perfused with artificial CSF (ACSF; 2 ml/min). ACSF consisted of the following (in mM): 126 NaCl, 5 KCl, 1.25 NaH 2 PO 4 , 2 MgCl, 2 CaCl 2 , 26NaHCO 3 , and 10 glucose, saturated with 95%O 2 and 5%CO 2 ; drugs were bath-applied. Schaffer collateral/commissural axons in stratum radiatum were stimulated at 0.033 Hz, with baseline intensities chosen to evoke half-maximal field EPSPs (fEPSPs) in field CA1. LTD was induced with a single 2 Hz, 10 min train of stimuli of the same intensity.
Loading of the total and readily releasable vesicle pools. After inducing LTD, 10 M 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) was bathapplied for the rest of experiments to prevent synaptically driven action potentials from accelerating dye release. Presynaptic boutons were loaded by bath-applying 5 M FM1-43 (Molecular Probes, Eugene, OR) in 45 mM K ϩ ACSF for 15 min for the total vesicle pool, or in hypertonic ACSF supplemented with sucrose to 800 mOsm for 25 sec for the readily releasable pool (RRP), then returned to normal ACSF. In separate control experiments, neither loading protocol produced long-term changes in amplitude or shape of Schaffer collateral-evoked synaptic fEPSPs, or in pyramidal neuron membrane properties. Stimulus-induced destaining was measured after 30 min in dye-free ACSF, evoked by 5 sec bursts of 10 Hz stimulation, applied once every 30 sec. These short, discontinuous bursts produced a much slower time course of release than does a continuous stimulus train in either brain slices (Stanton et al., 2001; Zakharenko et al., 2001) or cultured neurons (Rosenmund and Stevens, 1996; Pyle et al., 2000) , allowing a dynamic range for detecting both increases and decreases in the release rate in response to the induction of long-term synaptic plasticity. At the end of each experiment, complete depolarization-induced destaining was evoked by 85 mM K ϩ ACSF. Two-photon imaging. FM1-43 fluorescence was visualized using a Leica (Nussloch, Germany) DM LFS E upright microscope, two-photon excitation, a water-immersion ultraviolet APO L 40ϫ/0.80 W objective and a Leica multispectral confocal laser scan unit. The light source was a Millennia 5 W diode laser source pumping a Tsunami Ti:sapphire laser (Spectra-Physics, Fremont, CA) that provided Ϸ130-fsec pulses at 82 MHz, 840 nm center wavelength. Bandpass-filtered epifluorescence was detected with non-descanned photomultiplier tubes behind the objective and a 1.3 numerical aperture oil condenser, optimized for signal over background (540 -600 nm) based on spectral analysis with the confocal laser scan head with the pinhole maximally open. Laser intensity was controlled with a variable-beam splitter exploiting polarization of the laser light and neutral density filters. Although there were no signs of photodamage, we always used the lowest intensity necessary for an adequate signal-to-noise ratio. We acquired 512 ϫ 512 pixel images (0.15 m/pixel in the x-and y-axes). For puncta brightness depth profiles, images were acquired in 4 m steps in the z-direction. In offline analyses, rectangular regions of interest (ROIs; ϳ2-4 m 2 ) were selected around centers of bright, punctate fluorescence spots, and 12-16 boutons and three to four background ROIs were measured per slice. If lateral displacement of a bouton beyond the ROI occurred, that data set was discarded. Moreover, in separate experiments to control for z-axis drift, fluorescent beads (0.5 m) were injected into hippocampal slices, and their movement was monitored in the same slice chamber. The z-axis drift for a typical data set was estimated at not more than 0.15 m/3 min, which was the period of calculation of initial destaining rates from destaining curves. Only puncta that showed stimulus-dependent unloading were analyzed (ϳ90% fulfilled this criteria, the nonreleasing sites showed 4% destaining over the entire 20 min time course) (see Fig. 3C ). All fields imaged were within the first 100 m depth, typically 25-60 m, and 40 -60 m away from stimulating electrode poles. Destaining time courses were generated by normalizing each ROI time course to starting intensity, averaging the background fields to produce a dye bleaching time course (2 hr bleaching, Ϫ12.1 Ϯ 1.0%), then dividing each ROI by bleaching at corresponding time points. The half-time of decay of intensity during unloading (t 1/2 ) was calculated for each punctum from single exponential fits to the first five points in destaining curves. Vertical bars are SEMs for the averages of all normalized and corrected boutons across experiments. Photoconversion of FM1-43 for electron microscopy. For electron microscopic (EM) visualization of FM1-43 in individual presynaptic vesicles, we used standard photoconversion methods adapted for use in hippocampal slices (Richards et al., 2000; Harata et al., 2001) . In brief, slices were preincubated in 1 mM kynurenic acid, loaded by 25 sec application of hyperosmotic ACSF (800 mOsm) containing 5 M FM1-43 plus kynurenic acid, and returned to low [Ca 2ϩ ] (0.2 mM), high [Mg 2ϩ ] (5 mM) ACSF. Either immediately or 20 min after loading, slices were fixed in 2% glutaraldehyde in 50 mM sodium phosphate buffer (PB; resulting solution, 300 mOsm) for 20 min, and washed with 100 mM glycine (in PB) for 1 hr. Slices were then washed for 5 min in 100 mM ammonium chloride (to reduce glutaraldehyde autofluorescence), rinsed quickly in PB, and incubated in DAB (1 mg/ml in PB) for 20 min. To photoprecipitate FM1-43, fluorescence light (480 Ϯ 20 nm) was applied continuously for 20 min in DAB solution, after which slices were washed in ice-cold PB and processed for EM. LTD of synaptic strength at Schaffer collateral-CA1 synapses produces a long-lasting reduction in the evoked vesicular release of FM1-43. Two-photon excitation fluorescent images of RRP puncta in the same field in the stratum radiatum of field CA1 in a control slice (top), versus a slice in which LTD was induced (bottom), at different times after the start of the unloading stimulation protocol (numbers represent the time in minutes; 0Ј is the beginning of unloading stimulation). In these slices, presynaptic vesicles in the RRP were selectively loaded with a 25 sec, 800 mOsm hypertonic ACSF plus sucrose.
Results

Total and readily releasable vesicle pool loading and release
We used two-photon imaging of individual presynaptic terminals loaded with FM1-43 to measure selectively the effects of LTD on release from the total vesicle pool and RRPs at hippocampal CA3-CA1 synapses in vitro. LTD was induced in hippocampal slices 30 min before the loading of presynaptic Schaffer collateral terminals with FM1-43 (experimental protocol) (Fig. 1) . After recording the LTD of Schaffer collateral-evoked fEPSPs for 15 min, slices were bathed in the AMPA receptor antagonist CNQX (10 M) for the rest of the experiment to prevent polysynaptic activity-induced dye release. Either the total vesicle pool or RRP was labeled with FM1-43 by (1) 15 min bath application of FM1-43 (5 M) plus 45 mM K ϩ ACSF (Fig. 1A ), or (2) 25 sec bath application of FM1-43 (5 M) in 800 mOsm ACSF plus sucrose (Fig. 1B) , respectively. By either loading method, brightly fluorescent spherical clusters of vesicles in individual Schaffer collateral presynaptic terminals (puncta) (Fig. 2) could be imaged by two-photon microscopy (Stanton et al., 2001; Zakharenko et al., 2001 ) in the apical dendritic field of CA1 stratum radiatum. Fluorescence intensities of these puncta (mean diameter, 1.14 Ϯ 0.03 m; n ϭ 640) were stable for at least 60 min in the absence of electrical stimulation. During subsequent electrical stimulation, fluorescence intensities of ϳ90% of these puncta rapidly diminished, reflecting exocytosis of dye from synaptic vesicles. Figure 2 illustrates two typical CA1 stratum radiatum fields of fluorescent puncta after loading the RRP. Images in the top row are from a control slice, whereas the bottom row illustrates destaining in a slice in which LTD was induced 30 min before loading. In each slice, a 10 Hz/5 sec stimulus burst was applied once each 30 sec, a discontinuous stimulus protocol designed to elicit a slower time course of release capable of detecting increases or decreases in the rate of release. Images are shown 0, 1, 2, 5, and 10 min after the start of destaining stimulation, illustrating a rate of vesicular release that was markedly slower in the slice in which LTD had been previously induced, compared with the unstimulated control.
Hyperosmotic shock has been shown to selectively load the RRP in dissociated cultures (Rosenmund and Stevens, 1996; Goda and Stevens, 1998) , but brain slices may present a diffusion barrier to the rapid access of hyperosmotic saline to synapses deep within the tissue. Therefore, we tested the preferential loading of the RRP by hyperosmotic shock in our slices by comparing FM1-43 stimulusevoked destaining kinetics from terminals loaded hyperosmotically, to the total vesicle pool loaded by prolonged depolarization in 45 mM K ϩ . Figure 3A illustrates the first 10 min release time courses from RRP puncta (open circles) versus puncta in which the total vesicle pool was loaded (filled circles), and then given a 10 Hz/5 sec stimulus burst each 30 sec. The first burst released 12% of the RRP, compared with only 2% of the total pool signal, consistent with our hyperosmotic treatment preferentially loading the RRP. This conclusion is also supported by the brightness of the puncta in each group (Fig. 3B) , in which RRP puncta brightness averaged ϳ28% of that of the total vesicle pool. During prolonged release from the RRP, slow washout of FM1-43 from the extracellular space could permit the accumulation of sufficient FM1-43 to allow reuptake with rapid re-endocytosis into the RRP. Thus, only early FM1-43 destaining is sure to represent pure exocytosis, whereas later release could be the sum of exocytosis and endocytosis.
Although the vast majority of FM1-43-labeled puncta (ϳ90%) showed statistically significant destaining on Schaffer collateral stimulation, ϳ10% did not. These nonreleasing puncta were removed from the experimental data sets and analyzed separately. Figure 3C shows a comparison of the time courses of destaining of terminals that released after hyperosmotic shock (open circles), which dimmed by ϳ47% by the end of the 20 min of stimulation versus the nonreleasing puncta (filled circles), which exhibited only ϳ4% total destaining over the same period.
To independently confirm that 25 sec hypertonic shock did preferentially label vesicles in the RRP, we used the photoconversion method of Henkel et al. (1996) , modified for hippocampal slices by Harata et al. (2001) (see Materials and Methods), to photoprecipitate FM1-43 for EM visualization. Figure 3D illustrates a typical presynaptic terminal containing dense DABpositive FM1-43 granules that are primarily concentrated in vesicles closely apposed to the active release zone (arrows). In 58 presynaptic terminals loaded by brief hypertonic shock 20 min before fixation, "docked" vesicles directly apposed to the active zone (13%; 231 of 1782; active zone length, 223 Ϯ 12 nm) contained 5.66 FM1-43 granules per vesicle, compared with undocked vesicles within 200 nm of an active zone (19.6%; 349 of 1782), which contained 2.22 grains per vesicle, and vesicles Ͼ200 nm away (67.4%; 1202 of 1782) with only 1.63 grains per vesicle. Vesicles within 200 nm of the active zone showed a bimodal distribution of luminal densities, consisting of 32% FM1-43-positive (mean luminal density, 1.14 Ϯ 0.01), 68% FM1-43-negative (density, 0.66 Ϯ 0.043). In contrast, vesicles Ͼ200 nm away from an active zone showed a single Gaussian distribution (density, 0.75 Ϯ 0.015), consistent with unlabeled vesicles. These EM data confirm that RRP vesicles are preferentially labeled after hypertonic loading. They are also consistent with this brief hyperosmotic shock selectively releasing vesicles from the RRP, allowing them to be labeled and then preferentially returned to the RRP ("kiss-and-run" release) (Pyle et al., 2000; Richards et al., 2000) .
LTD of total and RRP release
We next compared the effect of the induction of LTD 30 -40 min before the measurement of FM1-43 release kinetics from the total, and readily releasable, vesicle pools. Figure 4 , A and B, illustrates that the induction of LTD produced a significant slowing in the kinetics of stimulus-evoked FM1-43 release from both the total vesicle pool (Fig. 4 A) and the RRP (Fig. 4 B) . The effect of LTD on release from the RRP was approximately four times the magnitude of that on the total vesicle pool. To estimate release from the reserve vesicle pool, we subtracted the raw FM1-43 release time courses for the RRP from the total vesicle pool, and normalized the resulting time courses, for control and LTD slices (Fig. 4C) . There was no difference between control and LTD release kinetics from the reserve pool of vesicles during the first 10 min of stimulation, indicating that the effect of LTD on the total pool was completely accounted for by a selective slowing of release from the RRP.
LTD of stimulus-evoked FM1-43 uptake
A comparison of the brightness of total vesicle pool puncta in LTD and control slices before the unloading stimulus (Fig. 3B) showed that the induction of LTD led to less loading of presynaptic terminals by 45 mM K ϩ , consistent with a reduced release probability. However, puncta were measured at different depths from slice to slice, and the strong depolarization used is one that maximally loads the total vesicle pool. To test the effect of plasticity on fusion probability with more physiologically relevant action-potential-driven release, we collected a z-series profile through the top 80 m of slices in 4 m steps from a set of control slices, and slices in which either LTD had been induced 45 min earlier, and then vesicles were loaded with repeated bursts of Schaffer collateral stimulation (10 Hz/5 sec bursts every 30 sec for 20 min) in 5 M FM1-43. Figure 5 is a plot of these depth profiles of mean puncta brightness, showing that LTD (filled circles) was indeed associated with less stimulus-evoked uptake of FM1-43 compared with controls (open circles), throughout the depth profile. Bath application of the NMDA receptor antagonist D-AP-5 (20 M) during low-frequency stimulation, followed by a 30 min drug washout, completely blocked this long-term effect on stimulus-evoked FM1-43 uptake.
RRP release before and after induction of LTD in the same slices Although our previous data indicate that the induction of LTD produces a decrease in release from RRP vesicles, those experiments were performed on separate groups of slices. To confirm this conclusion, we designed a protocol to examine the kinetics of FM1-43 release from the RRP in the same slices before and after the induction of LTD (Fig. 6 A) . We used the reversible, nonselective glutamate receptor antagonist kynurenic acid (KYN; 10 mM) to reversibly block synaptic transmission during hypertonic loading of the RRP. The first 20 min of the plot in Figure 6 B (Pre-LTD) illustrates the stimulus-evoked (10 Hz/5 sec each 30 sec; first bar) RRP release kinetics before the induction of LTD. After this first stimulus, 45 mM K ϩ was used to complete the unloading, and then KYN was washed out to recover synaptic transmission so that LTD could be induced (2 Hz/10 min). After LTD was recorded for 15 min, KYN was reperfused for 15 min, and the same slices were loaded with FM1-43 using an identical hypertonic shock (800 mOsm, 25 sec), and release was tested a second time. The second identical stimulus now evoked significantly slower FM1-43 release (third bar), consistent with the previously observed effect of LTD on RRP release kinetics. In control experiments in which no LTD was induced, the second release profile was identical to the first (n ϭ 3; data not shown).
NMDA receptor, NO, and cGMP-dependent protein kinase dependence of LTD of RRP release
Both LTD and LTP of synaptic strength have been reported to consist of multiple forms mediated by different receptor and messenger pathways. In particular, there are NMDA-receptordependent and NMDA-receptor-independent forms of LTD and LTP. Therefore, we tested whether LTD-induced changes in RRP release kinetics depend on NMDA receptor activation. Bath application of the NMDA receptor antagonist DL-2-amino-5-phosphonopentanoic acid (AP-5, 20 M) before the induction of LTD completely blocked the induction of LTD of RRP release (Fig. 7, open circles) . We and others have reported previously evidence that the gaseous intercellular messenger NO, cGMP, and cGMP-dependent protein kinase (PKG) activity, are all required for the induction of a presynaptic form of LTD (Izumi and Zorumski, 1993; Gage et al., 1997; Wu et al., 1998; Reyes-Harde et al., 1999; Stanton et al., 2001 ). Therefore, we performed studies to determine whether this cascade might be involved in plasticityassociated changes in RRP release. Bath application of the selective PKG inhibitor KT5823 (1 M) markedly reduced the induction of LTD of synaptic transmission (see Fig. 10 D) , and completely prevented LTD of FM1-43 release from the RRP (Fig.  8, open circles) . Bath application of the competitive nitric oxide (NO) synthase (NOS) inhibitor L-nitroarginine (L-NA; 100 M) partially blocked (ϳ50%) the induction of LTD of synaptic transmission (see Fig. 10 D) . As with KT5823, L-NA completely prevented the effect of LTD on RRP release (Fig. 9A, open circles) . These data suggest that there are components, in addition to changes in presynaptic release, that also contribute to LTD and LTP. Presynaptic alterations evoked by postsynaptic NMDA re- After residual dye was released with 45 mM K ϩ , kynurenate was washed out and LTD induced (1 Hz/10 min). The identical release protocol was then repeated. B, After evoking FM1-43 release from the pre-LTD RRP (first solid bar; 10 Hz/5 sec bursts each 30 sec), 45 mM K ϩ was applied to release all dye, LTD was induced, and the RRP was reloaded with FM1-43. Afterward, post-LTD FM1-43 release was evoked by a second, identical stimulus (third solid bar; 10 Hz/5 sec bursts each 30 sec). After LTD, release t 1/2 was significantly smaller than release before LTD ( p Ͻ 0.05; paired t test; n ϭ 5).
ceptor activation must depend on a retrograde messenger, such as NO. Consistent with this hypothesis, when we examined the ability of the extracellular NO scavenger hemoglobin (100 M) to impair LTD, it produced a partial blockade of both LTD (Fig.  10 D) and of the effects of LTD on RRP release mechanisms (Fig.  9B, open circles) . The residual presynaptic LTD component could be attributable to either other retrograde messengers or incomplete scavenging of NO.
Distribution histograms of individual release sites before and after LTD
The previous time courses consist of mean intensities derived from averaging multiple puncta (12-16 per slice) over all slices, which might obscure significant individual differences in rates of destaining or distinctly different populations of release sites. To determine whether there were different populations of release sites, we calculated, for each punctum, the time required for fluorescence intensity to decay to half of its initial value during unloading stimulation (t 1/2 ), by fitting the first 3 min of the decay time course of each punctum with a monoexponential. Histograms comparing the distribution of individual time constants in the different groups are shown in Figure 10 . In Figure 10 A, the distribution of 1/t 1/2 (sec Ϫ1 ) in control slices was shifted significantly to the left in slices in which LTD had been induced. Blockade of NMDA receptor activation with 20 M D,L-AP-5 during the low-frequency stimulus train prevented the effects of LTD (Fig. 10 B) on 1/t 1/2 (sec Ϫ1 ) distributions compared with controls. In all cases, t 1/2 distributions were well fitted by single Gaussians, giving no sign of multiple populations of releasing puncta. Comparison of mean 1/t 1/2 (sec Ϫ1 ) in all LTD groups (Fig. 10C ) confirms that previous induction of LTD produced a 64% reduction compared with control slices. This effect of LTD was completely prevented by blocking NMDA receptor activation, PKG, or NOS activity, whereas the extracellular NO scavenger partially reduced the effect of LTD. The percentage change in 1/t 1/2 (sec Ϫ1 ) in all LTD groups (Fig. 10 D, right) mimicked the percentage changes in the strength of synaptic transmission (Fig. 10 D, left) .
Discussion
The results presented here demonstrate, for the first time, selective labeling of the RRP and direct imaging of RRP release kinetics from presynaptic terminals in acute brain slices. In particular, although high K ϩ appears to load the entire releasable vesicle population, a rapid hypertonic shock loads a smaller pool of vesicles whose size (ϳ25% of the total) and more rapid release kinetics are consistent with the RRP in dissociated cell cultures characterized electrophysiologically by similar loading and release methods (Rosenmund and Stevens, 1996; Goda and Stevens, 1998 ). We also demonstrate that two-photon laser scanning microscopy can visualize the kinetics of stimulus-evoked release of FM1-43 from individual presynaptic terminals, without additional compounds that might affect synaptic physiology, such as sulforhodamine or cyclodextrins.
In comparing Schaffer collateral stimulus-evoked release from these pools, measured by the rate of dye loss, we found that the induction of LTD of synaptic transmission evoked a longlasting decrease in FM1-43 release from presynaptic boutons. These data are consistent with a previous report of LTD associated with a decrease in RRP size at synapses between cultured hippocampal neurons (Goda and Stevens, 1998) . A comparison of the effect of LTD on release kinetics from the total (K ϩ -loaded) vesicle pool versus the RRP showed that the action of LTD was completely confined to the RRP. When we subtracted the RRP release time course from the total vesicle pool before normalization, to estimate release from the reserve pool, there was no difference in LTD and control release during the first 10 min of stimulation. Interestingly, there was a divergence of LTD and control time courses during the final 10 min of stimulation. If the rate of movement from the reserve pool into the RRP was not changed by LTD, subtracting time courses should have accounted for the entire effect of LTD. The fact that it did not suggests that entry from the reserve pool into the RRP might also be slowed by LTD, but that the exchange rate between these pools is significantly slower than release from the RRP.
It is worth noting that, although it is generally agreed that a brief hypertonic shock selectively releases transmitter from the RRP, our data are consistent with vesicles from this pool, once released, being preferentially recycled back into the RRP. That is, when we loaded using a stimulus that selectively releases the RRP, this labeled vesicle pool exhibited brightness and release kinetics appropriate for the RRP when released a second time, consistent with studies on synapses in dissociated neuron cultures, suggesting that vesicles in the RRP are reclaimed via a rapidly recycling route that returns them preferentially to the RRP (Pyle et al., 2000; Richards et al., 2000) . In multiple dye studies of the recycling times of vesicle pools in hippocampal neuronal cultures, Pyle et al. (2000) found that RRP vesicles undergo rapid exocytosis and endocytosis ( Х 1 sec), whereas vesicles recruited from the reserve pool recycle much more slowly ( Х 30 sec).
EM ultrastructural characterization of the distribution of FM1-43 in presynaptic vesicles loaded by brief hypertonic shock confirmed the selective loading of the RRP. Moreover, it also confirmed that the exchange rate between the RRP and reserve vesicle pools was sufficiently slow that there was still twofold to threefold more FM1-43 in vesicles either docked or within 200 nm of the active zone 20 min after loading. The sum of the percentage of vesicles that appeared to be directly linked to the active zone (docked; 13%), plus those within 200 nm (19.6%), is consistent with physiological estimates of the size of the RRP (Rosenmund and Stevens, 1996; Goda and Stevens, 1998; Schneggenburger et al., 1999; Pyle et al., 2000; Richards et al., 2000) , as well as the relative brightness of RRP puncta in this study (28%). The retention of FM1-43 in the RRP is probably the result of repeated recycling of RRP vesicles back into the RRP (Pyle et al., 2000; Richards et al., 2000) .
Recent findings of Zakharenko et al. (2002) , using similar FM1-43 techniques to image the total vesicle pool of Schaffer collateral-CA1 terminals in hippocampal slices from 2-to 3-d-old rats, show both interesting parallels and differences. Although they also observed LTD-induced reduction in presynaptic vesicular release probability, slices at this early developmental stage do not yet express significant amounts of NMDA receptors or LTP, and LTD depends instead on the activation of metabotropic glutamate receptors (mGluRs) (Bolshakov and Siegelbaum, 1994) . Moreover, their observations suggest that mGluR-dependent LTD can turn release sites completely off, although it is unclear whether the NMDA-receptordependent LTD we studied later in development can produce a similar inactivation. Combining our data indicates that multiple forms of activity-dependent LTD can produce long-term changes in presynaptic transmitter release via different receptors, and that different forms of LTD may be expressed at different stages in development.
It is also noteworthy that a previous study by Zakharenko et al. (2001) examining the release of FM1-43 at Schaffer collateral-CA1 terminals in slices from 14-to 30-d-old mice, found that the LTP of release associated with a strong LTP-inducing stimulus required both NMDA-receptor-and voltage-dependent calcium channel activation. When combined with our data, this indicates that both NMDA-receptor-dependent LTP and NMDAreceptor-dependent LTD can be associated with long-lasting changes in presynaptic transmitter release, although it remains to be determined whether voltage-dependent calcium channel activation on either or both sides of the synapse are selectively involved in cooperatively evoking LTP of release.
Mechanisms that might underlie the decreased rate of FM1-43 release during LTD, and a converse increased rate associated with strong LTP, have been discussed previously (Zakharenko et al., 2001) . First, there could be a decrease (or increase) in the probability of vesicle fusion at the active zone in response to terminal depolarization and Ca 2ϩ influx. Second, there could be a change in the rate of fusion pore formation kinetics, leading to altered peak transmitter concentration in the synaptic cleft. Finally, there could be a decrease (or increase) in the number of active zones present within a presynaptic bouton. The fact that we observed selective plasticity of release from the RRP does not definitively differentiate between these possibilities, but it is easier to explain our data by a selective change in the efficacy of existing active zone coupling to RRP vesicles, because a decrease in active zone numbers without any change in release efficacy should decrease RRP and total pool release equally. Previous studies have come down on both sides of this issue. cAMP-induced potentiation in dissociated hippocampal cell cultures has been shown to increase the number of FM1-43-labeled (Ma et al., 1999) and synaptophysin-labeled (Bozdagi et al., 2000) puncta, and induction of LTP in hippocampal slice cultures has been shown to increase the number of multiple spine synapses (Toni et al., 1999) . However, an FM1-43 study of LTP in acute hippocampal slices found no evidence for an increase in the number of functional release sites (Zakharenko et al., 2001) . Zakharenko et al. (2002) concluded that mGluR-dependent LTD in slices from 2-to 3-d-old rats is associated with an increase in the number of FM1-43-labeled puncta that do not release at all in response to electrical stimulation. Thus, LTD may involve both the modification and deactivation of existing release sites, whereas LTP may involve the activation of silent or the formation of new sites, a question that needs additional investigation.
With respect to modulation of existing active zone function, there are a number of rates that could be modified (Fig. 11) . These include the rate of transfer from the reserve pool to the RRP (1), priming and release from the RRP (2), the preferential recycling of vesicles back into the RRP, perhaps after kiss-andrun release (3), and the return of vesicles to the reserve pool for later conversion back into the RRP (4). Of these, any of the first three could result in a selective decrease in release kinetics from the RRP, although the presence of an effect on release during the first stimulus burst favors an action on priming and/or release probability ( p r ; 2). In contrast, an effect on rate (1) should produce an additional component of LTD of release from the K ϩ -loaded vesicle pools not accounted for by sucrose loading the RRP. The late divergence of the difference curves between RRP and reserve pool release (Fig. 4C ) may indicate an effect on transfer from the reserve pool to the RRP, but this rate is too slow to account for initial release effects. The rate of refilling of the RRP has been shown to be dependent on firing frequency (Wang and Kaczmarek, 1998) , whereas RRP size can be altered at mossy fiber-CA3 synapses by seizure activity (Goussakov et al., 2000) , suggesting that RRP recycling rates are a likely target for the longterm modifications underlying activity-dependent long-term plasticity.
Our data also support a particular second-messenger cascade underlying LTD of release. NMDA-receptor-dependent LTD of release appears to be mediated by retrograde diffusion of the intercellular messenger NO, because inhibition of NOS completely blocked LTD of RRP release. However, the observation that the NO scavenger hemoglobin significantly reduced, but did not completely prevent, LTD of release could either mean that Hb could not completely scavenge extracellular NO before it found its way to the terminals, or that presynaptic NOS contributes some intraterminal NO.
LTD of release throughout the 20 min stimulus time course was also dependent on PKG activity, consistent with previous indirect studies indicating that NO, cGMP, and PKG are crucial for a presynaptic form of LTD (Izumi and Zorumski, 1993; Gage et al., 1997; Wu et al., 1998) . Previous studies have also implicated NO, cGMP, and PKG in the induction of LTP, including data from dissociated neuronal cultures (Arancio et al., 1995; and hippocampal slices (Lu et al., 1999; Bon and Garthwaite, 2001 ), but there are contradictory studies in hippocampal slices (Williams et al., 1993; Cummings et al., 1994) , and a report of a lack of impairment of LTP in a double type I and II PKG knockout mouse (Kleppisch et al., 1999) . It is of particular interest that this last study, which argued strongly against a role for PKG in LTP, also reported that LTP was susceptible to the inhibition of NOS, suggesting that NO may have actions crucial for LTP apart from the activation of guanylyl cyclase. Our data strongly support a crucial role for the NO-cGMP-PKG pathway in a presynaptic form of LTD. It has been suggested (Arancio et al., 2001 ) that complicated, and often contradictory, reports may reflect the presence of dual roles in LTD and LTP, with both cGMPdependent and cGMP-independent forms of each complicating comparison of long-term plasticity induced by differing stimulus protocols. The NO-cGMP-PKG pathway might be necessary for the induction of both LTD and LTP of presynaptic release. In that case, other, as yet unidentified, mechanisms must then control the switch from one to the other effect dominating the net change. (4) Recycling of vesicles into the reserve pool. Although a reduction in the rates of any of these steps could produce presynaptic LTD, our observation that LTD preferentially reduces release from the RRP, without altering reserve pool size or early release kinetics suggests that the rates of RRP priming and p r (2), and/or re-entry (3), are reduced during LTD.
